Quantitative genetics provides the tools for linking polymorphic loci (QTLs) to trait 19 variation. Linkage analysis of gene expression is an established and widely applied 20 method, leading to the identification of expression quantitative trait loci (eQTLs). (e)QTL 21 detection facilitates the identification and understanding of the underlying molecular 22 components and pathways, yet (e)QTL data access and mining often is a bottleneck. Here 23 we present WormQTL2 (www.bioinformatics.nl/WormQTL2/), a database and platform 24 for comparative investigations and meta-analyses of published (e)QTL datasets in the 25 model nematode worm C. elegans. WormQTL2 integrates six eQTL studies spanning 11 26 conditions as-well-as over 1000 traits from 32 studies and allows experimental results to 27 be compared, reused, and extended upon to guide further experiments and conduct 28 systems-genetic analyses. For example, one can easily screen a locus for specific cis-eQTLs 29 that could be linked to variation in other traits, detect gene-by-environment interactions 30 by comparing eQTLs under different conditions, or find correlations between QTL 31 profiles of classical traits and gene expression.
Introduction 33
The nematode Caenorhabditis elegans has been instrumental as a model organism in studying 34 genotype-phenotype relationships. Its genetic tractability in combination with a rapid life cycle 35 and a large body of experimental data provides a powerful platform for investigating the studies, the eQTLs were re-mapped with the most recent genetic maps used in Snoek & Sterken 117 et al. 2017 , which can be obtained from WormQTL2 at the download page accessible by 118 pressing the 'Download' button. (27, 79) . 
123
The first eQTL study in C. elegans was published in 2006 by Li, et al. (28) , where 124 variation in gene expression was reported among N2 x CB4856 RILs grown at two different 125 temperatures (16 °C vs 24 °C). In 2010, three eQTL studies in C. elegans were published (76-this moment WormQTL2 provides full access to all QTL studies up to 2018, where the required 157 data was available or kindly provided upon request. 158 The datasets included provide full access to all underlying raw data. For each study a 159 genetic map is available (updated to Wormbase WS258 coordinates), as well as the raw data 160 used for mapping and the output of a single marker model. These data allow users to either 161 access the raw data and run alternative analyses as they wish or access already mapped QTL 162 information. All data were mapped using a single marker model, which is shown in 163 WormQTL2. In total, 929 QTL were mapped for 1091 traits (-log10(p) > 3.5). To make these 164 data insightful, trait-names were standardized where possible (e.g. consistent use of 'body' in 165 relation to measurements of size, volume, length of the animal body). Furthermore, traits were 166 coupled to gene ontology (GO) terms, to facilitate coupling to transcriptomics data. These 167 curatorial steps greatly facilitate analytical access, increasing the ways in which the user can 168 interact with the data. Gaertner et al., 2012 (84) More than the sum of its parts: a complex epistatic network underlies natural variation in thermal preference behaviour in Caenorhabditis elegans. N2 x CB4856 RIAIL 5 5 Gao & Sterken et al., 2018 (81) Natural genetic variation in C. elegans identified genomic loci controlling metabolite levels.
N2 x CB4856
RIL 378 154 Glater et al., 2014 (85) Multigenic natural variation underlies Caenorhabditis elegans olfactory preference for the bacterial pathogen Serratia marcescens. 194 For easy access of the main functionality every WormQTL2 page shows the navigation 195 bar at the top of the page (Figure 1) . It can be used for a selection of graphical overviews, uniquely allows users to find whether a group of genes (such as those sharing a specific GO 210 term) have a shared trans-band, a so-called hotspot of eQTLs, which can then be efficiently 211 investigated further for identifying other genes with co-locating eQTLs by the integrative tools.
212
The genes with co-locating eQTLs can then be exported as a list for further investigations or to Similar cryptic variation can also be investigated for other genes, such as pgp-7, which 231 has a very prominent cis-eQTL on chrX when a let-60gf mutation is present in the genetic 232 background (50). Yet in many other experiments it has a trans-eQTL on chrV (76, 77, 79) . This
233
shows that different polymorphic regulators exist whose action depends on the developmental 234 stage as well as on the genetic background. The most significant trans-eQTL was found in the 235 control conditions of Snoek & Sterken et al. 2017 (Table 1) ; by using WormQTL2's correlation 236 function on this experiment we can find two pgp-7 homologs, pgp-5 and pgp-6 which also have 237 a trans-eQTL at this locus and likely share a common polymorphic regulator (Figure 3) . 
239
The correlation between eQTL profiles can show co-regulated groups of genes, the 240 experiment in which they are co-regulated and the regulatory loci involved. When we inspect 241 daf-18 and the genes with a correlated eQTL profile, we find that daf-18 is part of a group of 242 co-regulated genes with two regulatory loci only during heat-stress conditions (79), one on chrI 243 and one on chrV (Supplementary Figure 1) . Groups of genes can also be selected based on GO terms. Per experiment, the eQTL profiles of 253 all genes annotated with a specific GO term can be shown, with the most significant 15 pre-254 selected. When, for example, "cell cycle" is entered in the search box, a list of genes and GO- terms is returned. From this list we can pick GO term "regulation of cell cycle" and study the 256 eQTL profiles of the genes involved in this process (Figure 4) This can also be observed for the genes annotated with a related GO term "chromosome 263 segregation" where 41 eQTLs can be found co-locating on chromosome I in the juvenile stage, 264 but not in the reproductive or old stage. In the old stage 14 co-locating eQTLs can be found at 265 chromosome V (Supplementary Figure 2) . 266 These examples show that starting with groups of genes sharing a GO term can be a 267 great start for exploring eQTL data in order to find co-locating eQTLs of genes with a shared identifies three studies with treatment-related variation in this set of genes. One is the original 300 study (77), one is a study on the innate immunity of C. elegans and Pristionchus pacificus (95), 301 and, most interestingly, a study on an aptf-1 mutant (96). This mutant shows lower expression 302 of flp-11, suggesting that the trans-band is somehow related to neuronal activity. From 303 literature, we know this is actually the case, as the underlying gene is npr-1, for which a variant 304 (215V in N2) has a neomorphic gain-of-function mutation, making it responsive to both FLP-305 21 and FLP-18 (reviewed by (1)). There are many other databases that can be consulted 306 similarly for further investigation, such as WormNet (97) if specific models and mapping procedures were used. However, next to the interactive front-331 end, the platform also offers access to the raw data, allowing more experienced users to 332 download the data and run custom investigations, extending the reusability of the observations.
333
The WormQTL2 platform currently limits itself to RIL-based (e)QTL data. Future 334 development will first focus on integrating data from introgression-line (IL) based studies.
335
There is a rich body of published studies utilizing introgression lines for QTL validation, but 336 also as alternative to RIL-based genome-wide studies. Especially the genome-wide N2 x 337 CB4856 IL panel, and a set of chromosome-substitution lines have been used (30, 103) .
338
Currently, the C. elegans field increasingly makes use of Genome-Wide Association Studies 339 (GWAS) and wild isolates (32, 33, 40, 91) . WormQTL2 is currently developing links to genetic 340 variants in QTL regions through the C. elegans Natural Diversity Resource (CeNDR) (33). populations and environments (28, 71, 76, 78, 79, 108) , and (iv) are often found for polymorphic 351 genes (28, 65, 71, 77) . In contrast, trans-eQTLs are strongly environment dependent and seem in 352 large part unique across environments (28, 71, 76, 109 (99, 117, 118) , like transcription factor-and histone-binding sites or protein-protein interactions 413 will allow for even more powerful analyses.
414
WormQTL2 has been designed to easily store and share upcoming RNA-seq data and 415 eQTLs from this data, QTLs from metabolomics and proteomics and visualise and analyse these 416 together. Comparing sets of genes through functional enrichment will enable an even better, 417 more targeted, approach in candidate gene selection and network generation to link gene 418 expression, genetic variation and function. In the near future, tools will be developed to 419 investigate genetic variation in a more systematic, genome-and population-wide manner, 420 enabling more complete and higher resolution system genetics. 421 We believe the (e)QTL data in WormQTL2 will greatly benefit the C. elegans research 422 community, providing a rich source of genetic interactions specifically to worm biologists and 423 geneticists in general. WormQTL2 will serve as a solid platform for in-depth analysis of these 424 interactions to help chart the C. elegans gene regulatory networks. -2316 (50,79) . The microarray probes were re-mapped 432 against WS258 using blastn (version 2.6.0, win x64 (119)). Probes with multiple high-ranking 433 matches to different genes were censored.
Experimental procedures

435
Phenotypic data 436 The publications reporting C. elegans phenotypic QTLs were used to acquire phenotype and 437 genotype data required for QTL mapping. This was done by taking the data directly from 438 separated supplementary information or by contacting the authors. We curated data from 32 439 publications, comprising 1091 traits ( Table 2) . For each publication the raw trait data per strain, 440 the genetic map and the QTL data are made available.
441
Using the obtained phenotypes and the most updated genotype data, the QTLs for each 442 study were re-mapped using a linear single marker model
where y is the phenotype value of RIL j based on the function of marker genotype i. 445 Subsequently, a -log10(p-value) of 3.5 from each marker analysis was used as the threshold to 446 determine the significant QTL shown in For each study the eQTL were re-mapped using a single marker model, as in (50, 79) . In short, All pairwise correlations between eQTL patterns were calculated using the Pearson correlation 515 coefficients between the -log10(p) values of the eQTL patterns of genes within an experiment 516 using a custom python function (Supplemental script). Searching for genes with an eQTL at 517 a specific locus is implemented by selecting genes that have a -log10(p) score above the given 518 threshold at the marker closest to the specified locus. To select trans-eQTLs, genes with a cis-519 eQTL can be excluded based on their physical distance to this marker. 
